Fire blight of apple (Malus × domestica Borkh.) can be found throughout the United States and many other countries and is a serious problem on trees of susceptible apple cultivars (9) . Fire blight is caused by the bacterium Erwinia amylovora and occurs also on pear, quince, Rubus spp., and several other rosaceous hosts. The initial inoculum in an established orchard comes from overwintering cankers that remain from prior growing season infections. Bacteria that exude onto canker surfaces are spread by insects to blossoms where infection can occur under appropriate environmental conditions. Secondary inoculum produced from infected blossoms can cause repeated blossom infections, as well as infections of tender shoots later in the growing season. Primary inoculum for the infection of shoots also can come from shoots that emerge from buds adjacent to overwintering cankers.
Epidemics of the shoot blight phase of fire blight occur sporadically and vary in intensity from year to year depending on the amount of overwintering inoculum, host susceptibility, crop management system, and environmental conditions (23) . In the extreme, shoot blight epidemics can be economically devastating on a regional level. Because of the perennial nature of fruit crops, losses occur as a result of direct crop loss in the year in which disease occurs, as well as past and future development costs related to raising trees to the stage of productivity. In recently established apple orchards, total orchard loss can occur under a sequence of favorable conditions that lead to low to moderate levels of primary infection followed by a traumatic event or events (e.g., frost, hail, high wind, and rain) on a regional level that promote widespread inoculum dispersal and greatly increased host susceptibility due to wounding. The 2000 epidemic in Michigan is a good example in which the southwestern region of the state experienced unusually warm, humid, and wet weather in May (favorable for blossom infection), which was followed by frequent heavy rains and hail during the period of succulent shoot growth. Losses from the 2000 epidemic in Michigan were estimated to be near $42 million (Mark Longstroth, personal communication).
Maryblyt is a computerized model for the prediction of fire blight that is widely used by producers, extension advisors, and researchers (16) . The program has various modules for the prediction of blossom and shoot blight. Several research articles have been published that provide data to validate the blossom blight component of Maryblyt (4, 6, 8, 22) . No one has attempted to validate the shoot blight portion of the model. Prediction of first early shoot blight symptoms in Maryblyt is based on the accumulation of degree days following the first appearance of a source of secondary inoculum, either blossom blight or canker blight, whichever occurs first; however, because wind and insects can disperse the pathogen from other orchards and wild trees, the primary inoculum sources need not necessarily occur within the orchard being monitored. As with blossom blight, dispersal of the pathogen to shoots and foliar surfaces prior to or during an infection event are highly probable (19) . Infection of epiphytically or endophytically colonized shoots has been attributed to wounds caused by insects with sucking or piercing mouthparts, and bacterial ooze spread by rain, insects, aerosols, and birds (19) . Steiner observed that, following the appearance of first shoot blight symptoms, later shoot infections occur more or less at random (16) . However, the pattern of shoot blight development in an orchard has never been studied.
An epidemiological study of the progression of several natural shoot blight epidemics was conducted in replicated blocks of four apple cultivars. The objectives of the study were to validate the shoot blight component of Maryblyt and describe disease progress over the growing season and to determine the temporal and spatial dynamics of apple shoot infection. Such basic knowledge of disease development could provide more specific recommendations for use of bactericides, insecticides, biological controls, or removal of Fire blight incidence and spread of the shoot blight phase of the disease was studied in four apple cultivars in replicated blocks over 4 years (1994 to 1997). Cv. York was highly susceptible, followed by 'Fuji' and 'Golden Delicious,' which were moderately susceptible, and 'Liberty,' which was least susceptible. On York, the first appearance of shoot blight was within 48 h of its predicted appearance according to the Maryblyt model in 3 of the 4 years studied. Shoot blight epidemics in York in 1995 and 1996, and Fuji in 1995, were best described with a logistic model that showed apparent infection rates ranging from 0.05 to 0.20, indicating a low to moderately high rate of disease increase. The spatial positions (row and column) of all infected plants in each subplot were recorded on plot maps on each sampling date. The binomial and β-binomial distributions were fit to the data to test for spatial aggregation of disease incidence for each cultivar plot. Maximum likelihood estimation was possible for 92 (43.6%) of the 211 data sets subjected to this analysis. Of these, 35 data sets were better fit by the β-binomial distribution than the binomial distribution. The binary power law was used to characterize the relationship between the variance among quadrats within each plot to the variance expected for that plot given the observed level of disease incidence. The binary power law provided an excellent fit to the full data set and to nearly all of the subsets and, with b > 1, indicated that heterogeneity changed systematically with disease incidence. A covariance analysis was conducted to determine the effect of the factors 'year,' 'cultivar,' 'orchard plot,' and 'observation date' on the intercept and slope parameters of the binary power law. In general, plot followed by year had the greatest impact on parameter estimates and is an indication that location and seasonal factors impact heterogeneity of disease, although the specifics could not be ascertained from this study. Ordinary runs analysis was used to analyze the pattern of diseased trees within rows and detected significant nonrandom patterns of disease incidence in 63.5% of the orchard plots over the 4-year study. From these data sets, 68.7% had significantly fewer runs, particularly at disease incidences greater than 0.1. The fewer-than-expected runs at incidences greater than 0.10 provides strong evidence of localized spread. diseased shoots by pruning. A report of an earlier analysis of these data was presented previously (2) .
MATERIALS AND METHODS
Orchard planting. Given the lethal nature of the disease, fire blight management was consistent during the entire period of 1992 to 1997, to minimize the risk of tree loss. Management practices for fire blight included (i) copper applied at the 1-cm stage of leaf development, (ii) one to three applications of streptomycin during the bloom period, as determined with the Maryblyt model (16) , and (iii) removal and destruction of infected plant tissues on a weekly basis. Stage of floral bud development was monitored weekly by examining 10 buds on each of the same 10 trees, which were randomly selected in 1993, in each subplot. Air temperature, relative humidity, and leaf wetness were recorded every 20 s and summarized hourly with a datalogger (model CS21X; Campbell Scientific, Logan, UT) located in a weather shelter positioned in the center of the research orchard (Fig. 1) .
Analysis of disease progression. Beginning at approximately 32.2 degree-days (base = 15.6°C) after the first blossom blight infection period, or following the predicted appearance of canker blight symptoms as determined with the Maryblyt model, every tree was inspected visually for the presence of fire blight symptoms. Inspections for blossom blight were conducted by the same individual approximately weekly by a walking survey of the orchard rows for all four cultivars. All shoot blight determinations in 1994 and 1995 were conducted by walking survey; however, given the size of the orchard and the lower incidence of fire blight in 1996 and 1997 on cvs. Fuji, Golden Delicious, and Liberty, the trees were assessed preliminarily by observations from a moving vehicle and then, if disease was observed, follow-up observations were made by walking. Assessments of disease in cv. York were made by walking survey in all years of the study. The locations of trees with at least one infected blossom or shoot were recorded at each observation on plot maps. Following each period of visual inspection, infected tissues were pruned using tools that had not been sterilized or treated with disinfectant and removed from the orchard. Disease incidence was calculated as the percentage of infected trees in each subplot. Disease severity was not determined.
Disease progress was analyzed for each replicate plot (cultivar within blocks) separately. In 1994, data taken on 16 May were used as the starting point for epidemic analysis, with four observation dates included in the analysis. In 1995, data taken on 8 June were used as the stating point for epidemic analysis, with seven observation dates used in the analysis. In 1996, data collected on 3 June were used as the starting point for epidemic analysis, with seven observation dates used in the analysis. In 1997, data collected on 5 June were used as the starting point for epidemic analysis, with eight observation dates used in the analysis. In the preliminary analyses, disease incidence data were transformed using the linearizing transformation appropriate for the exponential, monomolecular, and logistic models before using ordinary least squares regression to estimate parameters of the linear model. Coefficients of determination (R 2 ), coefficients of variation, and subjective evaluation of plots of standardized residuals versus predicted values were used to evaluate the appropriateness of a given model. Results of preliminary analyses showed that logistic models fit the data best; therefore, temporal progress was described by transforming mean incidence values (y) to logits and calculating apparent infection rates (r) within plots by regressing logit(y) against time (days), where logit(y) = ln[y/(1 -y)]. All data were analyzed using the GLM procedure of the Statistical Analysis System (version 9.1; SAS, Cary, NC).
Spatial pattern analysis. The spatial positions (row and column) of all infected plants in each subplot were recorded on plot maps on each sampling date. The binomial and β-binomial distributions were fit to the data to test for spatial aggregation of disease incidence for each cultivar plot using the program BBD (11). The β-binomial distribution has two parameters, p, which is the expected probability of disease, and θ, which is a measure of the variation in disease incidence among quadrats. A good fit to the binomial distribution is indicative of a random spatial pattern of disease incidence while a good fit to the β-binomial is indicative of an aggregated pattern of disease incidence. To test the fit of the data to the two distributions, the data were first combined into two-by-two quadrats to produce N = 26 quadrats of n = 4 plants for each plot at each observation date. Because there was an odd number of trees within each row and the number of rows within each plot was odd, the last tree in each row and the last row in each plot were omitted during the quadratization. A log-likelihood ratio test statistic (LRS) was calculated for each data set per orchard plot to test the hypotheses that the β-binomial fitted the data better than the binomial (24) .
The binary power law was used to characterize the relationship between the variance among quadrats within each plot to the variance expected for that plot given the observed level of disease incidence. The binary power law can be written as:
where np(1 -p) is the binomial variance, and ln(A x ) and b are the intercept and slope of a straight line (21) . When A x and b are equal to 1, the disease incidence is randomly distributed. When b = 1 and A x > 1, the data are aggregated but the degree of heterogeneity is independent of p. When b and A x are greater than 1, the degree of heterogeneity changes with p. The power law was run on the full set of data and then on subsets of the data partitioned by the factors year, cultivar, and plot. A covariance analysis was conducted to determine the effect of the factors 'year' (1994, 1995, 1996 , and 1997), 'cultivar' (Fuji, Golden Delicious, Liberty, and York), 'orchard plot' (1 to 6), and 'observation date' (1 to 7 or 8) on the intercept and slope parameters of the binary power law. Separate covariance analyses were conducted on the 1995 subset of the data (the only year with appreciable fire blight) to determine the effects of cultivar, orchard plot, and observation date on the power law parameters, and on the York subset of the data (the only cultivar with appreciable fire blight) to determine the effects of year, orchard plot, and observation date on the power law parameters. To perform the analysis, factors were added individually to the power law model (null model), first as an intercept term and then as an interaction term with the slope. A factor was considered significant if its inclusion as a covariate significantly reduced the sum of square error (SSE) relative to the null model. The significance level for the difference between SSE of the models was determined with an F test where F = (factor SSE/df factor)/(model SSE/df model), and df = degrees of freedom.
Ordinary runs analysis was used to analyze the pattern of diseased trees within rows. A run is a sequence of trees with the same disease status (7, 20) . To perform the analysis, diseased trees were assigned a '1' and healthy trees were assigned a '0', the rows were combined in a serpentine pattern such that total number of trees for the analysis was 135, and then the total number of runs was calculated. For example, the sequence 1-1-0-1-0-0 contains four runs (i.e., 1-1, 0, 1, and 0-0). The total number of runs was compared with the expected number of runs to calculate a standard normal z statistic and test the null hypothesis of a random distribution of infected trees. Runs analysis is the only test for randomness based on the order of the sequence (7).
RESULTS
Blossom infection periods occurred in 2 of the 4 years of the study, according to the Maryblyt model (Table 1) and confirmed by observations. First blossom blight symptoms were observed within 1 day of the predicted date. In 1995 and 1997, years in which blossom blight was neither predicted nor observed, spread of bacteria from overwintering cankers was presumed to be the sole source of primary inoculum for the subsequent shoot blight epidemic. The first observed appearance of shoot blight symptoms occurred within 48 h of the Maryblyt prediction in 3 of the 4 years ( Table 1) .
Of the 4 years studied, disease incidence was highest on all cultivars in 1995. Disease incidence was consistently highest on York in all 4 years of the study. By the end of the measurement period in each season (early August), disease incidence in the six subplots of York ranged from p = 0.02 to 0.16 in 1994, from 0.21 to 0.88 in 1995, from 0.01 to 0.38 in 1996, and from 0 to 0.10 in 1997 (the incidence values for 1995 in Table 2 are slightly different than indicated here due to truncation of the rows and columns that resulted from quadratizing the data). For the other cultivars, p ≤ 0.03, except in 1995, when maximum disease incidence for cvs. Fuji, Liberty, and Golden Delicious was p = 0.31, 0.31, and 0.08, respectively.
Analysis of disease progress. Fire blight was first detected at the research site in 1992 when visibly diseased plants (dead shoots with shepherd's crook symptom and cankers on main stem) were received from the nursery and observed at the time of planting. No blossom blight or shoot blight was observed in 1992 or 1993; however, in 1994 following conditions favorable for blossom infection, approximately 16% of York trees exhibited shoot blight by the end of the growing season. Conditions for disease development were very favorable in 1995 and these data were the most useful for analy- sis of disease progress. York exhibited the highest incidence of disease in all years, and data from this cultivar for 1995 are presented (Fig. 2 ). The plot of disease incidence (y) versus time (t) for these epidemics indicated that logistic transformations best described disease progress over time (11, 13) . Disease increase in York in 1995 was characterized by apparent infection rates ranging from 0.053 to 0.20/day (Fig. 2) . Fuji in 1995 showed an apparent infection rate of 0.16/day, and York in 1996 exhibited an apparent infection rate of 0.076/day (Fig.  2) . Spatial pattern analyses. Maximum likelihood estimation was possible for 92 (43.6%) of the 211 data sets subjected to BBD analysis (Table 3) . With the exception of Fuji, most of the data sets where the procedure was not able to converge (i.e., fit the β-binomial distribution) had incidences of shoot blight <0.10. Of the 92 data sets where maximum likelihood estimation was possible, only 35 data sets fit better to the β-binomial distribution compared with the binomial distribution. For the 92 data sets, estimates of the heterogeneity parameter of the β-binomial distribution ( θˆ) ranged from 0.007 to 0.855. The median value varied considerably among cultivars and disease incidence class. Median values of θˆ were less than 0.059 when disease incidence was less than P = 0.1, indicating a low degree of aggregation. With the exception of Fuji, θˆ increased with incidence and achieved its maximum median value in the incidence class 0.4 to 0.6; this is expected for data that follow a β-binomial distribution. Identical trends were found with the index of dispersion, D.
The binary power law provided an excellent fit to the full data set and to nearly all of the subsets ( Table 2 ). The estimated intercept and slope parameters were significantly different from 0 and 1 according to a t test for all data sets, with the exception of the 1997 data subset, the Liberty data subset, and the plot 3 data subset, where only the intercept parameter was significantly different from 0. The analysis by subsets is intended to provide insight into how the power law parameters for the full data set vary among the possible covariates (discussed in further detail below). In general, the excellent fit to the data and the fact that b > 1 indicates that heterogeneity (i.e., θˆ) changed systematically with disease incidence.
The covariance analysis for the full data set indicated that year had a significant impact on the slope parameter and that cultivar and plot had a significant impact on the intercept parameter of the power law. For the 1995 subset, the covariance analysis indicated that cultivar had a significant effect on the intercept parameter and that plot had a significant effect on both the intercept and slope parameters. For the York subset, year and plot had significant effects on both model parameters (Table 4 ). Ordinary runs analyses were able to detect significant (P < 0.05) nonrandom patterns of disease incidence in 64% of the orchard plots over the 4-year study (Table 3) . A significantly greater number of runs were found in 31% of the data sets; these occurred exclusively in the lowest incidence class for all cultivars except Golden Delicious (Table 3) . Significantly fewer runs were found in 69% of the data sets, indicating aggregation at higher incidences (Table  3 ). There was a clear departure of the observed z statistic from its expected value for disease incidence values between 0.1 and 0.7 (Fig. 3) .
DISCUSSION
Maryblyt predicted the onset of shoot blight symptoms within 48 h of their appearance in 3 of the 4 years studied (1994, 1995, and 1997) , and this report is the first to validate the shoot blight portion of the Maryblyt model. The basis for shoot blight predictions in the Maryblyt model is the presence of blossom blight or canker blight plus 375 accumulated degree-days (base 4.4°C) after bud break (i.e., green tip). The required degree-day accumulation is based on the appearance of adults of the putative vector, white apple leaf hopper (16) .
The insects that are most important in contributing to epidemics of shoot blight vary by site and region. In the mid-Atlantic region and many other parts of the United States, early shoot blight symptoms are most closely associated with the activity of winged adults of the white apple leafhopper. These first appear after 375 degreedays >4.4°C after green tip, and Maryblyt uses this as the predictor for first shoot blight (375 degree-days >4.4°C for insect development + 57 degree-days >12.7°C for symptom development following infection). Wetting events are thought to be not necessary for shoot blight infection and; therefore, are not included in this part of the model. The role of green apple aphid has been minimized by studies by Clark et al. (5) . An important role for potato leafhoppers has been proposed by Pfeiffer et al. (15) . The feeding habits of potato leafhopper seem particularly suited to creating wounds in tender tissues that could become infected if inoculum was present and environmental conditions were suitable. Alternatively, it has been proposed that wind is a suitable wounding agent (3). Wind and inoculum present in wind-driven rain could initiate a shoot blight epidemic in the absence of insect injuries. No variations in insect occurrence or development rate were noted (unpublished data); therefore, the delay in shoot blight appearance in 1996 could not be explained by differences in vector populations or their rate of development. Additional research is needed to gain a better understanding of the role of insects and weather in the development of shoot blight epidemics and to ascertain the biological basis for the shoot blight symptom portion of Maryblyt. Our observations of blossom blight development in relation to Maryblyt predictions were in agreement with previous studies (4, 6, 8, 22) . Of the four cultivars examined, disease incidence and rate of disease increase was greatest in York. This observation agrees with previous reports of high susceptibility of cv. York to E. amylovora (1,17,18) . However, Fuji has been reported to be as highly susceptible as York (18) , and our results do not support this ranking. Differences in genetic strains within particular apple cultivars, as well as edaphic and phenological conditions that affect disease development, may explain the differences in susceptibility among the various reports.
The mathematical description of these fire blight epidemics by the logistic model has been associated with a polycyclic disease cycle, which is typified by the secondary spread of inoculum (10, 12) . For cv. York, the apparent infection rate for shoot blight ranged from 0.053 to 0.20/day in 1995, the year in which shoot blight was most severe. These values show that disease incidence can increase dramatically, easily doubling in 3 to 5 days when environmental conditions and host susceptibility are highly favorable. It should be noted that these infection rates were observed under a disease management strategy that was considered optimal at the time (i.e., Fig. 2 . Disease progress of fire blight shoot blight incidence on York apple in six plot locations in 1995, one plot location in 1996, and on Fuji apple in one plot location in 1995. In 1995, day 1 of the epidemic is 8 June. In 1996, day 1 of the epidemic is 3 June. The equations describe the logit of fire blight shoot incidence versus time. The slopes of the regression lines are the apparent rate of shoot blight spread (logit/day).
copper applied at the 1-cm stage of leaf development, applications of streptomycin during the bloom period as determined with the Maryblyt model [16] , and removal and destruction of infected plant tissues on a weekly basis). The plant growth regulator Apogee (prohexadione-calcium; BASF Corporation) is a new horticultural tool that was not available for use at the time of these observations. Apogee acts to reduce the rate shoot internode elongation, resulting in decreased susceptibility of shoots to E. amylovora infection (26) . Its use at the proper application rate and timing may have resulted in significantly less shoot blight. Indeed, in Virginia, field trials have shown reductions in shoot blight assessed in June and July of 88 to 96% (25) . The current recommended timing for Apogee is to make the first application at the petal fall stage of the king blooms, with additional sprays applied as needed (14) .
Both the distributional analyses and ordinary runs analysis indicated aggregation of shoot blight within orchard plots. The degree of aggregation was generally low at incidence values <0.05 and >0.80, and was greatest at levels of incidence within the range of 0.20 to 0.60. This is typical of a disease that can be described by the β-binomial distribution. Recall that aggregation here describes clustering within sampling units of n = 4 trees, and that this type of analysis is based on the frequency distribution of sampling units with 0, 1, 2, 3, or 4 diseased trees in a plot and does not consider the spatial position of sampling units within plots. In contrast, ordinary runs analysis does consider the spatial positioning of trees to test the null hypothesis of a random arrangement of diseased trees and complements the results of the distribution analysis. The fewer than expected runs at incidences greater than 0.10 provide strong evidence of localized spread and support the results of the distribution analysis. Localized and directional spread of fire blight also has been observed in simulated apple nursery plantings (13) . Whether this localized spread is due primarily to rubbing branches, insects, blowing rain, or any combination of the three cannot be deduced from the analysis.
The binary power law and covariance analyses indicated that differences in spatial heterogeneity can be attributed largely to yearly effects and block (plot) (i.e., the six groups of four cultivars). Yearly differences in heterogeneity were not unexpected and have been observed in other perennial systems that have been scouted over several years (21) . This is particularly true in systems where the severity of epidemics is highly variable from year to year. In the orchard plots of this study, there was no clear trend in how aggregation changed among years (Table 4) ; how- a Median value of ordinary runs z-statistic and the number of data sets that showed significantly fewer (-) or greater (+) number of runs out of N than expected in that incidence class. b Classes end with the listed incidence value and begin with the first value above the listed value in each class. The number in parentheses is the number of observations where shoot blight was not observed. Except for York, data represent incidence values observed in 1995 only; very low incidence of shoot blight was observed in the other years of the study. For the cultivar York, the data summarize all 4 years of the study. However, incidence classes identified by '*' are observations from 1995 only; disease incidence did not exceed 0.4 in the other years of the study. c Number of data sets in defined incidence class. d Percent of data sets where the maximum likelihood estimation (MLE) procedure converged to provide estimates of the β-binomial parameters p and θ. e Percent of data sets where the β-binomial distribution fit the data better than the binomial distribution according to the likelihood ratio test. f Median disease incidence. g Median index of dispersion. h Median estimated β-binomial dispersion parameter. ever, one can speculate that these differences may be due in part to annual variation in seasonal climate patterns (1995 being a particularly favorable year), changes in crop physiology, or changes in the pathogen population. The fact that block had such a strong effect on heterogeneity is an indication that local factors have a large impact on epidemic development. Similar to the effects observed for year, however, it is not clear from the analyses what factors are responsible for the observed change in aggregation. Some possibilities include how initial inoculum is distributed within plots and whether secondary inoculum is distributed by insects or wind-driven water. From a mathematical perspective, the range of disease incidence within a plot will also impact the power law parameters due to changes in the size of the x space (i.e., the length of the x axis). In other words, the power law parameters from a subset of data with a smaller range of values than the full data set can be significantly different than the parameters from an analysis of the full data set (data not shown). This will be true if the range of incidence falls between 0.2 and 0.8, where the binomial variability is greatest, or if data do not contain both small (<0.02) and high (>0.85) values of incidence.
The analyses performed here were useful for characterizing the general spatial and temporal trends of shoot blight epidemics and for identifying factors that contributed to the observed disease patterns of fire blight. The results will be useful for designing future studies focused on identifying factors that lead to the observed spatial and temporal differences. However, the parameters estimated from these analyses should not be used in larger scale applications (for example, to design sampling strategies), although the information could be used as a starting point for designing larger scale surveys. The relatively small plot size and the mixed cultivars simply do not represent the typical orchard scenario. Moreover, the fact that these parameters can change in a single, relatively small location should give an indication of the variability that could exist across the region that this study could not have possibly captured. Finally, the study only took into account disease incidence and not the disease severity of individual trees. Therefore, the contributing influence of the variability of inoculum potential among trees was not taken into account.
In summary, the study showed that the rate of disease spread can be described by a logistic model with apparent infection rates of up to 0.2/day for the susceptible cv. York and 0.16/day for Fuji. Shoot blight epidemics exhibit aggregation that can be described by the β-binomial distribution, and the degree of aggregation changes systematically with disease incidence and is affected by temporal and location factors.
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